Abstract: Environmental conditions play a major role for effects of olive mill wastewater (OMW) application to soil. Choosing a different season for OMW application than the commonly practiced winter, may help avoid negative effects. However, understanding of the OMW-soil interaction during different seasons is still incomplete due to the lack of comparative data. In this study, an 18 months field experiment was carried out in an olive orchard in West Bank. Degree and persistence of soil salinization, acidification, accumulation of phenolic compounds and soil water repellency were investigated as a function of soil depth and time elapsed after OMW application, which was performed either in spring, summer (with and without irrigation) or winter. The persistence of negative effects increased with duration of the hot and dry period following the application due to accumulation and polymerization of OMW. On the other hand, leaching of OMW components to groundwater is favored during the rainy season and by formation of preferential flow paths before the rain season starts. The risks of groundwater contamination and persistent negative effects decrease with increasing time under conditions favoring biological activity. Therefore, OMW application in spring if improved by a careful irrigation is considered as the most suitable under semiarid conditions for clay loam soils.
INTRODUCTION
Olive mill wastewater (OMW) treatment and management pose major concerns for many Mediterranean countries due to the specific characteristics of OMW such as its high biological and chemical oxygen demand (Hanafi et al., 2013) , high concentration of oils and greases (Amaral et al., 2008) , high salinity (Roig et al., 2006) and content of phenolic compounds (De Marco et al., 2007; Hanifi and El Hadrami, 2008) . Furthermore, decentralized olive oil production makes the treatment of OMW in municipal sewage systems difficult and unfeasible. Consequently, a common practice for OMW disposal has been its discharge into the soil, with varying level of control in order to limit its potential negative effects on the soil and groundwater.
Several Mediterranean countries enforce upper limits for OMW discharge into the soil (Buchmann et al., 2015) in order to avoid negative environmental impact associated with OMW disposal, but many do not control it. The West Bank of the Palestinian Territory is one case of the latter and is the focus of the current study. According to the Palestinian Central Bureau of Statistics (2013) , at least, 52.5% of the cultivated land in the West Bank, estimated at 881.9 km 2 , is planted by olive trees. From 2010 to 2013, 275 olive mills, operated using the "three-phase technology", produced 67,459 tons of olive oil, and about 1.0 -1.2 m 3 of OMW for each ton of olive oil (Hanifi and El Hadrami, 2009; Saadi et al., 2007a) ; the resulting OMW was discharged in an uncontrolled manner into open fields and valleys.
The use of OMW for soil improvement has been proposed by several authors and comprehensively reviewed by Barbera et al. (2013) . The high content of OMW organic matter and other nutrients, especially potassium (Roig et al., 2006) , makes it valuable as a soil supplement (Mekki et al., 2006) . However, the organic fraction of OMW contains sugars, polyphenols, tannins and lipids (Mulinacci et al., 2001 ) and is hardly biologically degradable due to the toxic effects of polyphenols (Saviozzi et al., 1991; Sobhi et al., 2008) . It contains 0.5 -24 g L -1 of phenolic compounds (Niaounakis and Halvadakis, 2006) , and phytotoxic effects have been observed when it was directly used as an organic fertilizer (Ben Sassi et al., 2006) . Many studies showed contradictory results about permanence and toxicity of phenolic compounds in soil which can be attributed to a) the different amounts of toxic organic compounds present in OMW (Piotrowska et al., 2006) , b) different soil temperature and moisture during and after OMW application which can affect the biological decomposition process of organic matter constitutes (Steinmetz et al., 2015) , or reduce the inhibition effect by dilution and leaching of toxic compound under the influence of irrigation , and c) the general status of soil (Saadi et al., 2007a) . However, Buchmann et al. (2015) showed in an incubation study of soil treated by OMW under spring conditions, that its phytotoxicity was clearly attributed to phenolic substances. Other studies showed a rapid decrease in phenolic compounds (Di Serio et al., 2008) and degradation to almost 50% of their initial concentration within the first 2 -3 weeks following OMW application to soil (Saadi et al., 2007a; Sierra et al., 2007; Tsiknia et al., 2014) . No such effect was observed when OMW was applied in the winter season (Steinmetz et al., 2015) , not even in a depth of 2 m (Chartzoulakis et al., 2010) after one single OMW application during one year study. On the other hand, soluble phenolic compounds were observed in soil at 1.25 m depth during the winter season (Sierra et al., 2001 ) and phenolic monomers were detected at a depth of 1.2 m one year after OMW spreading on soil (Mekki et al., 2006) . Furthermore, phenolic compounds have been found in groundwater (Zenjari and Nejmeddine, 2001) , which was attributed to OMW leaching through the soil during the winter season (Boukhoubza et al., 2008) , whereas lower concentrations of phenolic compounds in groundwater have been noted during the summer season (Spandre and Dellomonaco, 1996) .
In addition to phenolic compounds, OMW contains considerable amounts of organic acids such as short chain fatty acids (C2-C8) from microbial metabolism of sugars and carbohydrates, and long chain fatty acids (C16-C18) from the residual oil (Diamantis et al., 2013) . Hydrophobic organic compounds can induce soil water repellency (SWR) (Doerr et al., 2000) , and fatty acids are the main components responsible for SWR (Graber et al., 2009) . Therefore, OMW can induce soil water repellency as reported by Mahmoud et al. (2010) and lead to preferential flow and surface runoff that may induce or intensify soil erosion. Peikert et al. (2015) demonstrated that the hydrophobizing effect of uncontrolled OMW disposal on soil may accumulate with each new application. The development and persistence of SWR is also influenced by variations in environmental conditions such as temperature (Diehl and Schaumann, 2007) and moisture content (Täumer et al., 2005) and has been correlated to soil properties including organic carbon content and pH (Lebron et al., 2012) .
Many researchers indicated that ambient environmental conditions during OMW disposal on soil play a major role in favoring either beneficial or negative effects of OMW-soil interactions (e.g., Barbera et al., 2013; Mekki et al., 2007; Zenjari and Nejmeddine, 2001 ). The high temporal and spatial variability of ambient environmental conditions existent in the Mediterranean Basin, as well as the high variability of olive orchard types, may explain the partly contradictory results described above. However, systematic studies on the impact of different environmental conditions on the effects of OMW soil application are still scarce. In a field study comparing different cultivation managements in Israel and West Bank during the summer season, Kurtz et al. (2015) found that the OMW effect in SWR and phenolic compounds were lower in irrigated soil compared to non-irrigated soil due to dilution and leaching of toxic compounds as a subsequent impact of irrigation. Steinmetz et al. (2015) found in a field study after one year of OMW application under semi-arid conditions, that summer application revealed a higher SWR and higher concentrations of phenolic compounds than the winter application due to low biological activity, whereas Di Bene et al. (2013) found no long-term effects neither for OMW application in spring nor in autumn. Thus, understanding of the OMW-soil interactions mechanisms during different seasons or how these mechanisms may be influenced by the season of OMW application are still incomplete.
Therefore, the objectives of this study were to investigate the short and long-term effects of OMW application on soil properties at different depth under different seasons in order to understand the OMW -soil transport and interaction mechanisms.
For this, a field experiment was carried out in a traditional olive orchard under Mediterranean climate characterized by long hot dry summer, and short cool rainy winter in the West Bank over a period of 18 months. We hypothesized that the conditions of soil moisture and ambient temperature during and after OMW application to soil can influence the degree of its overall effects and their persistence. Application during cold and moist conditions (winter) may delay OMW degradation due to low biological activity, and frequent rainfalls may promote leaching of easily soluble compounds into deeper layers. On the other hand, moderate conditions of moisture and temperature (spring) are expected to allow for considerable biological degradation, and result in lower SWR and lower concentrations of phenolic compounds. In the summer, under hot and dry conditions, OMW organic compounds are expected to accumulate due to low biological activity and may consequently induce SWR. Hot and moist conditions (summer + irrigation) are expected to enhance the biological degradation of OMW organic matter and thus to minimize its hydrophobizing and toxic effect.
In order to test these hypotheses, four different OMW applications to soil were administered in a field experiment either in spring, in summer (with and without irrigation), or in winter. The persistence and degree of soil salinity, acidity, content of phenolic compounds as well as SWR have been investigated.
MATERIAL AND METHODS

Study site
The selected field site is typical for olive orchards in the West Bank in terms of soil type, texture and vegetation cover. It is located in the village Bait Reema, 40 km north of Ramallah city, and 500 m above sea level, perched on an intermediate saddle point. The terraced hill is covered with olive trees (almost 40-50 trees / ha) dating back to over 100 years under extensive use by local families. The soil is clay loam (37% clay, 22% sand, 41% silt) and is classified as brown rendzina (Dan and Koyumdjisky, 1963) . The field was tilled twice that year prior to the study. The Mediterranean climate is predominantly characterized by long hot dry summer and short cool rainy winter, with an average temperature of 24°C and an average annual rainfall of 615 mm. Generally, 70% of the annual rainfall occurs between November and March (Palestinian Meteorological Department, PMD, 2013).
Field experiment and equipment
Plots design and distribution
Due to the irregular distribution of olive trees in the field site and the suspected influence of a neighbored rock on subsurface water movement, we conducted a preliminary field characterization, in order to decide for an optimal arrangement of the test plots in the field. Soil pH and electric conductivity (EC) of samples taken from depths of 0-30 cm, and 30-60 cm in two transects in northeast-southwest and in east-west directions ( Fig. 1 ) revealed a small, but clear runoff-related gradient in the field perpendicular to the line of a large cliff located 100 m from the field edge (Fig. S3 in Suppl. Mat.) . To avoid potential influences of this gradient on our results, sixteen plots, each with dimensions of 2.5 m by 3 m were marked in two rows parallel to the cliff line. The distribution of the OMW treatments among the plots was chosen randomly (Fig. 1) .
Field equipment for meteorological variables
A meteorological station (Umwelt-Geräte-Technik GmbH, Germany) was set up in the field which recorded air temperature, air humidity, rainfall, and wind direction. Further, eight temperature sensors (Umwelt-Geräte-Technik GmbH, Germany) have been installed distributed between treatment and control plots, and soil temperature was monitored hourly at five depths below the ground level (5, 8, 15, 50 and 70 cm) . In each plot, volumetric soil moisture (vol %) was monitored on a weekly basis through three access tubes in 10, 20, 30, 50 and 90 cm depth using a portable PR2/6 moisture probe based on HH2 Moisture Meter Readout Unit (Delta-T Devices Ltd, United Kingdom). 
OMW application to soil and soil sampling
Four different treatments of OMW application were performed; each conducted on two plots at a time as a single application of 14 L m -2 to simulate an extreme situation. Two corresponding control plots were treated with the same amount of tap water. For the spring treatment (SP), the OMW was applied to soil on 12 April 2012. The two summer treatments (dry and moist) were conducted on 13 August 2012. For the dry treatment (SU dry ), OMW was applied to non-irrigated soil, while for the moist treatment (SU moist ), OMW was applied to the soil which by irrigation had maintained a moisture content between 17-20% for two weeks prior to application and during the following summer season. For the winter treatment (WI), the OMW was applied to soil on 14 January 2013.
For each plot, soil samples were collected one week prior to OMW application, and 2 days, 3 weeks, 6 weeks, 3 months, 6 months, 9 months, and 12 to 18 months after OMW or tap water application. At each sampling event, samples were collected at five different depths of 0-5 cm, 5-10 cm, 10-15 cm, 15-25 cm, and 25-35 cm. The samples taken from each depth were pooled from at least five sub-samples from five locations along one line across the plot under consideration (Fig. S4 in Supp. Mat.), and their soil chemical parameters were analyzed as described in the following sections. For an overview of monitoring data and soil samples please refer to Table S1 (Suppl. Mat.).
Analysis of soil properties and OMW
General soil characteristics
Gravimetric water content (WC) was determined on a dry mass basis (38 h oven-drying at 105°C). Sieved (< 2 mm) field moist soil samples were extracted with distilled water (1:5 w/v), shaken horizontally for 2 hr. After paper filtration (Whatman, 150 mm), the chloride content was measured by precipitation titration with silver nitrate (Mohr's method) using potassium chromate as an indicator, and electrical conductivity (EC) and pH was measured according to DIN ISO 11265(1997) and DIN ISO 10390 (2005) , respectively.
In order to estimate the degree of soil acidification, a pH buffering curve for one representative soil sample pooled from all control plots was determined by measuring pH of an aqueous extract containing increasing amounts of NaOH and HCl, after an equilibration time of 2 hr. Using the buffering curve, the proton (H + ) balance was deduced which is equivalent to the amount of H + that was added to the soil by OMW application to achieve the measured pH-difference between the treated and control soil plots (further details in Suppl. Mat.).
Soluble phenolic compounds
The total content of soluble phenolic compounds (SPC) was quantified in a soil water extract of air-dried soil samples (1:10 w/v, two hours horizontal shaking) by the Folin-Ciocalteu colorimetric method (Box, 1983) . After 30 minutes of incubation, absorbance was measured at 700 nm using UV-1600/1800 Spectrophotometer (M.R.C., Israel). Tannic acid was used as a standard for calibration curve, and SPC is given in tannic acid equivalents.
Soil water repellency
In order to characterize the soil water repellency (SWR), water drop penetration time (WDPT) was measured twice for each sampling event. For the first test (WDPT Field ), fifty water drops of 100 µL were placed directly in the field randomly distributed on the undisturbed top soil and the time for complete penetration was determined. For the second test (WDPT Lab ), disturbed air-dried soil samples (< 1 mm) were measured as described by Diehl and Schaumann (2007) . The soil was considered water repellent when the WDPT exceeded 5 seconds (Bisdom et al., 1993) .
Pore size distribution and hydraulic potential gradient
In order to determine soil hydraulic properties of the experimental field and to estimate the direction of water transport at selected time points, proton nuclear magnetic resonance ( 1 H-NMR) relaxometry was performed for one representative pooled soil sample in triplicate using a Bruker Minispec MQ (Bruker, Karlsruhe, Germany) at a magnetic field strength of 0.176 T (proton Larmor frequency of 7.5 MHz). A CarrPurcell-Meiboom-Gill (CPMG) pulse sequence was used to obtain T2 and the corresponding relaxation rates of the water protons in the samples (Jaeger et al., 2009; Meiboom and Gill, 1958) . Pore size distribution was determined following the procedure described in Meyer (2015) . The pore size distribution was converted into a water retention curve (matric potential as a function of volumetric water content) using Young-LaPlace equation. From this curve, the respective matric potential could be obtained from measured volumetric water contents in the field. With these matric potentials, under consideration of the differences in gravimetric potential, the hydraulic potential gradients between the depths of water content measurement have been calculated for selected time points. This estimation assumed equal bulk density and texture for the whole profile. Further, hydrostatic pressure from water ponding on the soil surface during heavy rain events was not considered. Thus, this estimation is rather rough and might have led to underestimation of the matric potential gradients at high water contents and the data basis is not detailed enough for being able to account for hysteresis. However, it gives an overview of the water flow direction. 
OMW
Statistical analysis
Soil chemical properties were determined in three replicate measurements for each pooled soil sample of each of the two replicate treated plots and control plots for the four OMW treatments. All results are depicted as a mean of six values with their respective standard error used as error bars. The average of pH and standard errors were calculated based on the H + concentrations and transferred back into pH values. The data sets were tested for normal distribution using the Shapiro-Wilk test (α = 0.05) and visually checked by QQ-Plots using the statistical software R (R Core Team, 2014) . Although normality of the most data sets could not be rejected with p > 0.05, we used the nonparametric Wilcoxon rank sum test (with holm pvalue adjustment, using software R) for pairwise comparison of our data. Differences are supposed to be significant at p < 0.05. The H + balance calculation required mean values from both treated and both control plots such that the results could not be related to the original 6 replicates and only one mean value remained which could not be tested with the described tests.
RESULTS
Seasonal changes during the field experiment
The spring season 2012 (March-June) was characterized by a moderate increase in average air temperature (12 to 23°C) and a mean monthly evaporation of 180 mm (PMD, 2013) causing a moderate soil temperature increase (15 to 25°C) and moderate WC drop (15 to 12%) in the top soil (Fig. 2a-c) .
During this period, the pH in the control soil decreased from 8.3 to 7.7 (Fig. 2d) . During the summer season 2012 (JuneOctober), the air temperature ranged between 24 and 27°C with a mean monthly evaporation of 230 mm (PMD, 2013) , causing a soil temperature rise from 25 to 35°C and a WC drop from 8 to 2% in the top soil ( Fig. 2a-c) . The corresponding soil pH increased from 7.7 to 8.6 (Fig. 2d) . During the autumn season 2012 (October-November), the air temperature decreased from 24 to 17°C with a mean monthly evaporation of 130 mm (PMD, 2013) , causing a soil temperature drop to ~ 20°C and a WC increase from 4 to 20% due to the start of the rain season ( Fig. 2a-c) . At the same time, the soil pH decreased from 8.6 to 8.0 (Fig. 2d ). The winter season was characterized by low air temperature in the range of 10 to 14°C, high rainfall of 550 mm ( Fig. 2a) , and low monthly evaporation between 60 to 110 mm (PMD, 2013) . The corresponding soil temperature dropped to ~ 10°C (Fig. 2b) . The rain fall replenished the porous structure of the soil profile to reach a WC of ~ 24% ( Fig. 2c ) and the pH level initially decreased to ~ 7.6 in January and then increased to ~ 8.2 in February (Fig. 2d) .
In comparison to 2012, 2013 witnessed higher rainfall in the spring season, a comparable summer, but a drier autumn. In the winter season 2013/2014, 86% of the rainfall was concentrated (Fig. 2a) , resulting in a soil WC of 20% in the top layer ( Fig. 2c) . At the end of this season, the pH level remained between 8.0 and 8.5 (Fig. 2d ). These seasonal changes in soil temperature and soil moisture were also observed in the treatment plots in deeper soil layers, however, short-term fluctuations in air temperature and rain or irrigation events were reflected with decreasing degree with increasing soil depth (Fig. S7 and S8 in Suppl. Mat.) .
The observed seasonal changes in pH levels on the control soils indicate changing degree of proton releasing processes such as microbial and root activities, which tend to be higher in spring and autumn seasons, due to biologically favourable conditions i.e., soil moisture and temperature. However, the dryness of the summer months and the cold weather in winter, tend to reduce microbial and root activities and with this the proton releasing processes due to less biological favorable conditions in these seasons.
Conditions before OMW application Soil chemical properties
The spring treatment (SP) was performed, into relatively moist soil, with a WC of 15% at the top layer, and an increasing WC up to ~ 35% at 90 cm depth ( Fig. 3a) , at moderate soil temperatures of ~ 18°C down to 70 cm (Fig. 3b ) . EC was low with 135 ± 6 µS cm -1 in the top layers dropping to 100 ± 6µS cm -1 at 35 cm depth (Fig. 3c ). The pH levels were of comparable with 8.3 ± 0.1 down to 35 cm depth (Fig. 3d) .
The two summer treatments were performed in August 2012, at a high air temperature of 27°C. The corresponding soil temperature was 32°C in the top layers, decreasing to 29 °C at 70 cm depth (Fig. 3b) . WC increased from 5% in the top layer to 20% at 90 cm depth in the non-irrigated plots (SU dry ), whereas the WC of the irrigated plots (SU moist ) was found to be almost uniform at ~ 20% for the same soil depths (Fig. 3a) . For both the EC was comparable to that found in the SP plots (Fig. 3c) . The SU dry plots also had pH values comparable to that of the SP plots (Fig. 3d) . In contrast, SU moist plots showed increased pH values up to 8.7 ± 0.1, due to the daily administered irrigation for two weeks prior to OMW application (Fig. 3d) .
Winter treatment (WI) was performed in January 2013, at the highest monthly rainfall of 288 mm, and the lowest monthly average air temperature of 10°C. The corresponding soil temperature was 8°C at the top layers and 12°C at 70 cm depth (Fig. 3b) . The WC was ~ 30% at the top layers and ~ 35% at 90 cm depth (Fig. 3a) . A strong seasonal effect was observed in the soil pH, which dropped to 7.4 ± 0.05 in winter ( Fig. 3d ) and in the EC value which reduced to 90 ±5 µScm -1 in comparison to SU moist , SU dry and SP plots (Fig. 3c) .
The concentrations of SPC were uniform at 20 ± 5 mg kg
for the whole soil profile prior to OMW application, irrespective of the season, representing a natural background concentration. The soil was wettable before the OMW application, with a WDPT Lab and WDPT Field below 5 s throughout the whole soil profile, except for the top soil of WI plots, in which WDPT Field was ~ 20 s, indicating low infiltration rate due to pore saturation (Hillel, 2003) . One week before any application, the differences in temperature, WC, pH, EC and SPC between the two treatment plots and the two corresponding control plots, were within the range of the standard errors of replicates from each plot, and much smaller than the observed seasonal and depth dependent variations of these parameters (Fig. 3) . Thus, treatment and control plots are comparable for these parameters, such that all observed differences after application to be presented in the following sections can be solely attributed to the effect of OMW.
Hydraulic properties
One important aspect of which is subject to significant seasonal variations, as shown above, is the distribution of water and its transport within the soil profile. Therefore, we estimated the gradient of the hydraulic potential for the WC measurements above (Fig. S5 in Suppl. Mat.). Negative hydraulic gradients indicate an upward directed matric driven water flow, whereas positive gradients indicate a downward directed gravitation driven water flow. For both SU dry and SP plots the hydraulic gradient indicates that during spring and summer seasons, down to at least 20 cm depth, an upward transport by capillary rise is a highly relevant process (Fig. S5 in Suppl. Mat.) . This is further underlined by the high evaporation rates in these periods, which range from 180 mm in April to 250 mm in August, resulting in daily evaporation rates of 6 -8 mm.
In contrast to that, irrigation in summer induced a more complicated hydraulic pattern. The hydraulic gradient in SU moist profile indicates a downward movement of water towards 20 cm whereas from the depth of 30 cm both, an upward movement towards 20 cm and a downward movement of water towards 50 cm are expected.
The WI plots reveal no significant positive or negative hydraulic gradients within the whole profile down to 90 cm which indicates an equilibrium state due to the water saturation from rain water. This is further supported by the low infiltration rate leading to the elevated WDPT Field on these plots.
OMW quality
OMW pH and EC for the season 2011/2012 were comparable to that in the season 2012/2013 with EC values of ~ 10.8 ± 0.2 mS cm -1 and a pH of 4.6 ± 0.1. The longer the storage period of the OMW before its application to the soil, the more significant are the changes expected in its quality (Saadi et al., 2007b) . Therefore, the OMW quality in term of SPC concentration was closely monitored during storage. The SPC concentrations in OMW at the time of SP application (4 months storage), SU dry and SU wet application (8 months storage), and WI application (2 months storage) of 5.3 ± 0.2, 5.7 ± 0.2 and 5.4 ± 0.2 g L -1
, respectively, differed only in the range of the standard error of measurement. Consequently, it can be inferred that the change in the quality of OMW during storage with respect to SPC was negligible and the observed differences after OMW application are unlikely to have been influenced by the age and/or quality of the OMW applied.
Short-term effects two days after OMW application to soil
Generally, the OMW application to soil increased EC, SPC, and WDPT Lab and reduced soil pH with respect to control plots (Fig. 4) . These observed short-term effects are in agreement with other studies and can be related to the acidic nature of OMW (Di Bene et al., 2013; Di Serio et al., 2008; Kavvadias et al., 2010) , its high salinity (e.g., Mekki et al., 2009; Moraetis et al., 2011; Sierra et al., 2007) , and its high content of phenolic compounds (Chartzoulakis et al., 2010; Zenjari and Nejmeddine, 2001) .
Nevertheless, the extent of these effects and their reach with respect to depth varied among the four OMW treatments and among the parameters (Table S2 in Suppl. Mat.).
The increase in EC in the top layer was higher after SP, SU dry and WI treatments with comparable EC values of 638 ± 12 µS cm -1 than after SU moist treatment with EC values of 250 ± 10 µS cm -1 (Fig. 4a) . The EC differences between treated and control plots were significant (p < 0.01) after SP and SU dry treatments down to at least 35 cm depth with 172 ± 5 µS cm -1 and 154 ± 7 µS cm -1 , respectively. In contrast, significant salinization effects (p < 0.01) were observed only down to 15 cm after WI and SU moist treatments with EC values of 115 ± 10 µS cm -1 and 121 ± 2 µS cm -1 , respectively. The highest short-term effect on pH in the top layer with respect to control plots was found after SP treatment with a pH reduction by 0.7 ± 0.06 units, followed by WI treatment with a pH reduction by 0.6 ± 0.01 units, whereas SU dry and SU moist treatments caused a lower short-term pH reduction by 0.4 ± 0.01 and 0.3 ± 0.01 units, respectively (Fig. 4b) . A significant pH reduction (p < 0.01) reached deeper soil layers to a depth of at least 35 cm after SU dry and WI treatments, whereas it reached only a depth of 10 cm for SP (p < 0.05), and 25 cm for SU moist treatments (p < 0.01). Because pH is a decimal logarithmic value, pH differences are indicative for the factor between two H + concentrations. Furthermore, in different pH ranges, different soil buffer systems will influence the reaction on acidification. A better picture of the acidification effect of OMW application separately from natural pH dynamics caused by seasonal effects (as indicated in the control soils in section results of seasonal changes during the field experiment) and under consideration of the buffer systems in the respective pH range, is given by the proton balance (for details see Suppl. Mat.). A comparably strong short-term acidification effect in the top soil layer was observed after WI and SP treatments with H + surplus of 0.15 ± 0.03 mol kg -1 which reached down to 35 cm depth, whereas no such effect was detectable after SU moist and SU dry treatments (Fig. 4c) .
The highest SPC concentration in the top soil layer was found after WI and SU dry treatments (Fig. 4d) with concentrations of 370 ± 10 and 260 ± 13 mg kg -1 , respectively, whereas it was lower after SP and SU moist treatments, with values of 135 ± 3 mg kg -1 and 60 ±7 mg kg -1 , respectively. The differences between treated and control plots were significant (p < 0.05) after all treatments down to at least 35 cm depth. Nevertheless, after SU dry , SU moist and SP treatments, SPC concentrations continuously decreased with depth to 43 ± 5, 38 ± 5 and 34 ± 5 mg kg -1 , respectively, at 35 cm. In contrast, SPC concentration after WI treatment only decreased from 5 to 10 cm depth and remained nearly constant in the range of 10 -35 cm depths with 166 ± 10 mg kg -1 (Fig. 4d) . The SPC mass balance evaluation showed that, depending on the treatment, only a part of the SPC applied with the OMW was still located in the upper 35 cm: Only for the winter treatment ~ 100% of the SPC was still located in the upper 35 cm, whereas for the SU dry treatment, the recovery in the upper 35 cm was ~ 60%, and for SP and SU moist , it was only 27% and 20%, respectively.
The water drop penetration times were elevated after SU moist , SU dry and WI treatment to WDPT Lab values of 20 ± 5 s, 38 ± 3 s and 120 ± 5 s, respectively, which suggests that the OMW application induced moderate water repellency in all treatments except the SP treatment which revealed with 0 s the same WDPT Lab as all control plots (Fig. 4e) . Water repellency in 10 cm depth was only detected after SU dry treatment with a WDPT Lab of 13 ± 2 s. Thus, the top soil of the WI plots exhibited the highest short-term WDPT Lab and SPC among all treatments. The WDPT Lab probably increased due to the accumulation of hydrophobic substances from OMW application at the surface as indicated, for example, by the increased SPC.
The SPC mass balance suggests a significant loss of OMWderived compounds already during the first two days of OMWsoil contact from the top 35 cm. This raises questions on the mechanisms for OMW distribution within the soil profile and the influence, if any, of ambient conditions on this distribution. In order to separate the transport effect from effects of sorption and degradation, the chloride (Cl -) present in OMW was considered as an indicator for water movement respective the position of the water at the time of sampling (Fig. 4f) . The highest Cl -concentration in the top layer was found after SU dry treatment (760 ± 13 mg kg -1 ), whereas the lowest concentration was found after SU moist treatment (280 ± 15 mg kg -1 ). The Cl -concentrations after SP and WI treatments were 360 ± 40 and 390 ± 8 mg kg -1 , respectively. Differences in Cl -concentration between treated and control plots were significant (p < 0.05) until depths of 35 cm after SP and SU dry treatments, but only to depths of 10 cm for SU moist and 15 cm for WI treatments. This would suggest that at the time of sampling the aqueous phase of the OMW was located only in the top 15 cm for SU moist and WI treatments, whereas it distributed to at least 35 cm depth for SP and SU dry treatments. Unfortunately the calculated mass balances with respect to Cl -(under consideration of the Cl -content in the controls) would indicate that far more than 100% of the OMW-derived Cl -is located in the top 35 cm layer. These differences are most probably due to overlay with soilinherent Cl -and render a reliable mass balance assessment for OMW derived Cl -with respect to control values impossible. 
Long-term effects of OMW application in soil under different seasons
The strongest long-term changes in soil properties following OMW application were observed in the upper soil layer (0 -5 cm depth). The extent of effects generally decreased with increasing soil depth and after the first rain season following the application (Fig. S9 to S13 in Suppl. Mat.). Therefore, in this chapter, we will focus on the time-dependent variations of EC, SPC, WDPT Field , and H + balance in the top 5 cm. Generally, the extent of effects of OMW application to soil decreased during the spring season (SP treatment) and increased during the summer season (SP, SU dry and SU moist ), but almost completely disappeared in all OMW-treated plots after the following rainy winter season (Fig. 5) .
EC and SPC in SP treated plots significantly decreased (p < 0.05) to 50% within six weeks during spring season 2012 (Fig. 5a -c, Table S3 in Suppl. Mat.). A secondary significant increase (p < 0.05) in EC, interpreted as an increase in salinity, was observed in both SP and SU dry treated plots during the summer season 2012 (Fig. 5a and Table S3 in Suppl. Mat.). This resulted in maximum EC values of 770 ± 20 µS cm -1 in the SP plots, and 830 ± 40 µS cm -1 in the SU dry plots at the end of same summer season. Also, the SPC significantly increased (p < 0.05) in these plots (Fig. 5b , Table S3 in Suppl. Mat.). However, the increase was less pronounced in SP than in SU dry treated plots with a maximal concentration of 123 ± 14 and 332 ± 17 mg kg -1 , respectively. In contrast, the EC slightly increased in SU moist treated plots up to 350 ± 50 µS cm -1 during the summer (Fig. 5a ), while the SPC gradually decreased (p < 0.05, Table S3 in Suppl. Mat.) to values similar to control plots within six weeks (Fig. 5b) . During the same period, the H + balance increased in the SP, SU dry and SU moist treated plots, which indicates a secondary acidification effect of the OMW application, albeit at varying degrees of severity depending on the time of application (Fig. 5c) . The strongest secondary acidification was observed in the SU dry treated plots with a maximum additional H + generation of 0.32 ± 0.06 mol kg -1 , while less, but longer lasting surplus H + were found in SU moist and SP treated plots with peak values of 0.15 ± 0.08 and 0.11 ± 0.02 mol kg -1 in November 2012 and January 2013, respectively.
The WDPT Field also increased in both SU dry and SP treated plots during the summer season, where it reached the maximum values of 13 ± 2 s and 9 ± 2 s, respectively (Fig. 5d ), however the difference was only in SU dry treated plots significant (p < 0.01, Table S3 in Suppl. Mat.). This trend was also observed for the WDPT Lab of 46 ± 2 s and 10 ± 2 s for the SU dry and SP plots, respectively. However, in the SU moist treated plots, WDPT Field significantly decreased (p < 0.01, Table S3 in Suppl. Mat.) during the summer season 2012.
During the winter season, the SPC values significantly decreased (p < 0.05) in SP, SU dry and WI treated plots to minimal concentrations of 27 ± 2, 72 ± 11, and 75 ± 6 mg kg -1 respectively, in January and February 2013 (Fig. 5b , Table S3 in Suppl. Mat.). The soil in SU moist treated plots was already completely wettable before the winter season 2012/2013, whereas the WDPT Field for SU dry and SP plots disappeared in the end of winter 2013 (Fig. 5d , Table S3 in Suppl. Mat.). Also for the WI plots, which exhibited the highest short-term WDPT Field , values, significantly decreased (p < 0.01, Table S3 in Suppl. Mat.) during the winter season 2012/2013.
In SU dry treated plots, the secondary acidification effect disappeared at the beginning of the winter season 2012/2013, while in the SU moist , SP and WI treated plots, it decreased and disappeared (p > 0.05, Table S4 in Suppl. Mat.) in spring 2013 (Fig. 5c) . Also, the EC differences between treated and control plots (p > 0.05, Table S5 in Suppl. Mat.) disappeared for SP (Fig. 5a ), while in SU dry , SU moist and WI plots EC values of the upper soil layers (10-15 cm depth) were slightly higher than in the control plots.
In the following summer season 2013, no repellency was found in any of the treated plots, whereas a significant (p < 0.05) secondary salinization effect was re-observed in the top soil in WI and SU dry plots with EC value of 200 ± 20 µS cm -1 (Fig. 5a and Table S4 in Suppl. Mat.). Furthermore, also SPC remained significantly elevated with respect to control in all treated plots in nearly all depths (Table S4 in Suppl. Mat.). However, SPC mass balance (down to 35 cm) at this time showed, that the highest percentage of SPC applied with the OMW was found in SU dry plots with 28%, followed by WI plots with 21%, whereas in SP and SU moist plots only 18% and 13% of SPC, respectively. Although at the end of the experiment in winter 2013/14, EC and SPC were still significantly higher than in the respective control plots (Table S4 in Suppl. Mat.), these differences were with 3-15 µS cm -1 and 21-38 mg kg -1 negligible with respect to the seasonal fluctuations of these parameters on the control plots. 
DISCUSSION
Short-term OMW-soil interaction and transport mechanisms
The results above clearly show that the OMW has reached much deeper depths than expected from the applied amount of 14 L m -2 . This indicates that preferential flow is effective in all treatments and it cannot be excluded that part of OMW may have reached depths even below 35 cm. The SPC mass balances suggest that preferential flow might be most effective in the SP and SU moist treatments, followed by SU dry and then WI treatments. This is especially surprising for SU dry treatments because the highest preferential flow would be expected in the driest soil (Hillel, 2003) . Therefore, it cannot be excluded that the differences in SPC mass balance between SP/SU moist and SU dry are caused by an enhanced microbial degradation of OMW due to favorable moisture and temperature conditions (Chaari et al., 2014) . Buchmann et al. (2015) found a reduction of ~ 40% for total phenolic compounds within two days during an incubation experiment of OMW treated soil (14 L m -2 , 23% WC, 15°C) which suggests that comparable microbial process may explain the difference of 30% in the SPC recovery between SP/SU moist and SU dry in the field experiment.
The deeper penetration depths of SPC, than of EC and Cl -for SU moist and WI points to an enhanced gravitation driven downward transport due to irrigation or rain water because the downward transport of the liquid part of OMW must have been slow enough to allow organic substances like SPC to interact with the soil leading to their retardation but still fast enough to leach inert ions like Cl -from the observed horizons (Chaari et al., 2014) . The higher short-term effects on most soil parameters in WI plots with respect to SU moist plots suggest that during winter, the leaching is less effective than during irrigation in summer. This is further supported by the elevated WDPT Field of ~ 20 s of the WI plots already before application which points to a reduced infiltration rate of the OMW with respect to the other treatments due to the higher degree of water saturation (Hillel, 2003) and which did probably not indicate repellency. This is in line with the positive hydraulic gradients in the SU moist profile. Further, the nearly constant SPC concentration in the soil profile below 10 cm depth in the WI plots suggests that the OMW organic matter which accumulated at the soil surface due to the lower infiltration rate may have been continuously releasing SPC into the soil solution which was slowly transported downward.
In contrast to SU moist and WI, comparably negative hydraulic gradients in the upper 20 cm for SP and SU dry indicate that capillary rise dominates the water movement in these horizons. This is further supported by the comparably elevated EC depth profiles with respect to SU moist . 
Long-term OMW-soil interaction and transport mechanisms
The secondary increase in salinity and SPC in SP and SU dry plots during the summer season 2012 suggests an upward directed water flow within the soil profile due to evaporation at the surface layer (Magdich et al., 2013) by which OMW compounds migrated upward by capillary action (Steinmetz et al., 2015) . This matches with the clearly upward directed hydraulic gradient down to 50 cm depth in these plots (Fig. S6 in Suppl. Mat.). The comparable salinization effect in SP and SU dry treated plots suggests that the applied salt content was almost completely restored at the soil surface whereas a large part of the applied SPC from the SP plots disappeared. Loss of SPC in SP plots during the summer months due to leaching can be excluded due to the negative hydraulic gradients in the upper 50 cm, such that so the phenomenon could be explained by either incomplete biotic degradation of phenol OMW constitute in the first weeks following the OMW application and/or incorporation into the organic matter (Saadi et al., 2007b; Sierra et al., 2007) or by sorption to soil particles and reduced mobility allowing part of the SPC to remain in deeper soil layers after the initial transport through preferential flow. However, the current results as they stand cannot distinguish between these feasible processes. Further investigations focusing on the binding mechanism of the phenolic compounds to soil and laboratory incubation studies for the degradation of phenolic compounds (Buchmann et al., 2015) will be required to obtain further evidence for transport, retardation and degradation mechanisms. For example Buchmann et al. (2015) found that during the initial phase of OMW-soil contact under spring conditions, degradation overbalances, whereas, after ~ 30 days, part of phenolic compounds becomes physically immobilized and temporarily less bioavailable.
In addition to the dryness, salt accumulation in the soil can reduce microbial activity (Mekki et al., 2009 ) which may offer an explanation for the persistence of phenolic substances observed in the upper layers in the SU dry plots during summer. The highest acidification out of all treated plots was found in SU dry plots between August and October 2012 with very low WC and consequently, could not be related to microbial activity and moisture content as in the SU moist plots. An alternative explanation for the observed acidification is indicated by the reduced wettability and the deep brown-dark color in the top layers of SU dry treated plots during this period. The major components of the colored fraction in OMW are substances of polymeric nature (Hanafi et al., 2011; Kachouri et al., 2005) that are often attributed to oxidation and polymerization products of tannins and have a strong toxic effect on microorganisms (Bhat et al., 1996) . It can be deduced that abiotic phenol oxidation and polymerization rather than biotic degradation are at play as shown by Equation (1) and (2).
By oxidation of phenolic substances, oxidants (e.g. iron or manganese oxides) are reduced and protons are released (Eq. 1) which explains the acidification. This is underlined by the observation made by Peikert (2015) that Mn 2+ concentration increased during an incubation experiment with OMW treated soil. Due to the polymerization of phenolic substances (Eq. 2), larger and more hydrophobic compounds are expected to be formed which could explain the reduced wettability in SU dry plots.
The lower extent of secondary salinization and the decrease of SPC during the summer in SU moist plots compared to SU dry plots suggest that large parts of the soluble OMW substances which were removed from the observed profile during the first two days were not transported back to the surface via capillary rise. This indicates that the intermittent irrigation leached OMW constituents downwards and prevented their accumulation at the surface. When looking at the depth profile of the hydraulic gradient (Fig. S6 in Suppl. Mat.) it becomes clear that these compounds must have largely accumulated in ~ 50 cm depth, i.e. in the region of minimum water content, as throughout the year the hydraulic gradient in 50 -90 cm depth was directed upwards, suggesting continuous capillary rise in the deeper layers throughout the year. This consequence should be tested in further investigations exploring the SPC-depth distribution up to at least 1 m depth.
The decrease of the SPC in the SU moist plots during summer might be caused either by biological degradation, supported by the concomitant acidification and a decrease of SWR (Fig.  5c-d) , or by successive downward transport into the deeper layers, with the consequence of accumulation at ~ 50 cm as discussed above. Due to the biologically favourable conditions, an, at least, partial degradation is, however, highly probable. Observations of phenolic compounds rapidly reducing in concentration (Di Serio et al., 2008) and degrading (Sierra et al., 2007) under environmental conditions favourable to biological activity have been reported by other researchers (Barbera et al., 2013) . However, other fixation mechanisms like sorption which is enhanced in hydrated soil with respect to dry soil (Ochsner et al., 2006) and which have been found by Buchmann et al. (2015) , cannot be excluded.
The rapid decrease in EC, SPC and acidification during the rainy winter season in SP, SU dry and WI plots is clearly related to leaching, because it occurred simultaneously for Cl -and at all soil depths (Fig. S14 in Suppl. Mat.). SWR in SP and SU dry plots totally disappeared during the following winter which could be related to hydrolysis reactions mobilizing the polymerized compounds and consequently enabling their leaching. In contrast, the SWR in WI plots could not be related to polymerization but rather to the accumulation of hydrophobic OMW constituents in the top soil layers (Gonzalez-Vila et al., 1995) . The latter could not leach out as fast as the most soluble compounds like SPC and Cl -until conditions for microbial degradation of organic constituents improved in spring 2013. 
Effects of olive mill wastewater disposal on soil: Interaction mechanisms during different seasons The slight increase of EC and SPC during summer 2013 in SU dry and WI plots could be attributed to capillary rise and shows that not 100% of the OMW constituents were immobilized, degraded or leached to the groundwater during the previous seasons. Steinmetz et al. (2015) found comparable results, i.e., no leaching or degradation, but only when OMW was applied during the hot season. In the SU moist plots, only elevated EC values but no concomitant elevated SPC contents reappeared in summer 2013. This suggests that part of the organic compounds must have been immobilized or degraded during the previous seasons such that they could not be rise to the surface by capillary action as inorganic salts did in summer 2013.
CONCLUSIONS
The field experiment clearly demonstrates that each OMW treatment to the soil is dominated by different transport and transformation processes, triggered by the ambient soil moisture and temperature during and after the application. In all seasons, short-term OMW-soil interaction is dominated by preferential flow. However, in spring and summer season subsequent capillary rise is a highly relevant process.
Under the moderate ambient conditions of spring season, biotic degradation of OMW organic compounds is highly probable. However, also, incorporation into the organic matter cannot be excluded. In contrast, high temperature and low soil moisture in the summer season impede biotic degradation and any leaching so the OMW organic compounds rising to the soil surface by capillary action accumulate and polymerize. Irrigation during the summer season may cause leaching of soluble OMW constituents, part of which can intermittently rose back by capillary action to the upper soil layers where biotic degradation is enhanced by favorable moisture conditions. Finally, the winter season is dominated by leaching since the low temperature and high water content in the soil eliminates the biotic degradation of OMW constituents. This shifting in the dominating mechanisms across the different treatment conditions is depicted in Fig. 6 which combines our main findings described above.
The results confirm that the degree of negative effects attributed to salinization, secondary acidification, SPC accumulation and appearance of SWR in soil depends primarily on the time of OMW application to soil and the dominant mode of OMW-soil interaction mechanisms. The most severe effects have to be expected in the hot dry summer and the cold wet winter seasons. Moderate negative effects are expected in the spring season, whereas low negative effects are expected in moist summer season (e.g., irrigation). The persistence of negative effects in the soil with time is more significant the longer the hot and dry conditions last following the OMW application, causing the OMW constituents to accumulate and polymerize without being degraded. Moreover, the composition and concentration of the potentially hazardous OMW residuals in the soil are highly dependent on the time span between the OMW application and the following rain season which leads to leaching of non-degraded constituents of OMW into the deeper soil layers and contamination of groundwater aquifers. Therefore, our findings suggest that summer and winter seasons should be avoided in OMW application to soil due to the high probability of groundwater contamination. This is in agreement with Steinmetz et al. (2015) . Although Di Bene et al. (2013) concluded that OMW application in spring and autumn caused no long-term effect, the authors found strong indications for significant leaching, however, their study was limited to 20 cm depth. In accordance to Barbera et al. (2013) , our results confirm that the spring season is the most suitable time for OMW application, especially, if improved by carefully planned irrigation events so as to avoid undesirable leaching of OMW constituents into deeper layers through preferential flow paths but maintain sufficient moisture to ensure biological degradation activities. In addition, application in spring offers the longest period before the inevitable leaching occurs during the rainy winter season.
However, further studies involving deeper soil layers and groundwater are required to understand how deep the impact of preferential flow reaches and how leaching is triggered by irrigation and precipitation. Further, amount and quality of soil organic matter after OMW application should be investigated in order to understand the mechanisms of biotic degradation under different conditions of OMW application to soil. 
The proton balance
In order to determine the proton balance, i.e., the amount of protons or hydroxyl ions needed to increase or decrease the pH of the control samples, one pooled soil sample (from all control plots) was extracted (1 : 5 wt / vol) with aqueous solutions of different concentrations of NaOH and HCl. The pH was recorded after horizontal shaking for 2, 24 and 48 h and plotted vs. the molar concentration in mol kg -1 of base or acid supplied. The result of this plot is an "S" shaped curve (Fig. S1) . Fig. S1 . pH titration curve of one pooled soil sample (from all control plots). Within the pH-range of all samples, we defined two regions which could be fitted linearly ( Figure S2 ) with the slope a and the intercept b. Fig. 1 ). Tables   Table S1 . Overview of soil samples and the obtained parameter as well as the monitoring data during the field experiment. 
